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ABSTRACT

OBJECTIVE: Older adults with Down Syndrome (DS) often have
Alzheimer’s disease (AD) neuropathologies. While PET imaging studies of
amyloid deposition (AB) have been associated with worse clinical
prognosis and cognitive impairment, their relationships with cortical

thickness remain unclear in people with DS.

METHODS: In a sample of 44 DS adults who underwent cognitive
assessments, [!!C]-PiB PET and T1-MPRAGE, we used mixed effect
models to evaluate the spatial relationships between AB binding with
patterns of cortical thickness. Partial Spearman correlations were used to

delineate the topography of local AB-associated cortical thinning.

RESULTS: ['!C]-PiB BPxp was negatively associated with decreased
cortical thickness. Locally, regional ['!C]-PiB retention was negatively
correlated with cortical thickness in widespread cortices, predominantly in

temporo-parietal regions.

CONCLUSION: Contrary to the prevailing evidence in established AD, we
propose that our findings implicate AB in spatial patterns of atrophy that
recapitulated the ™“cortical signature” of neurodegeneration in AD,
conferring support to recent recommendations for earlier disease-

interventions.
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INTRODUCTION

Down’s Syndrome (DS) is the most common neurodevelopmental disorder
caused by the presence of trisomy 21 (1:800 live births). The extra copy
of chromosome 21 is associated with a 4-5 fold overexpression of the
amyloid precursor protein (APP) gene and increased accumulation of
cerebral beta-amyloid (AB) deposition (Wiseman et al., 2015). The
“amyloid cascade hypothesis” - the most widely accepted biomarker
model of disease progression in AD - postulates that amyloidosis is the
initiating event in the pathogenesis of dementia, triggering a self-
perpetuating cascade involving tau hyperphosphorylation, synaptic injury,
downstream macroscopic brain atrophy, and ultimately clinical decline

(Hardy, 2002).

Convergent lines of evidence support a similar AB-induced pathogenic
cascade in people with DS (Neale et al., 2018). Histopathological studies
have observed a high prevalence of neuritic plaques and neurofibrillary
tau tangles (NFTs), occurring as early as the 20s and in nearly all DS
adults after the age of 40. The clinical and imaging phenotypes of DS also
appear to show a similar spatiotemporal evolution to that seen in sporadic
AD; people with DS develop cognitive decline in adulthood (Hithersay et
al., 2017) and show patterns of brain atrophy especially in the
hippocampal regions and temporo-parietal cortices (Annus et al., 2017;
Dickerson et al., 2009; Mullins et al., 2013; Teipel et al., 2004). This

temporo-parietal atrophy in DS adults emerges in the presence of
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cerebral amyloidosis as measured by elevated [''C]-PiB binding (Annus et
al., 2017). Such a pattern of atrophy is also similar to previous studies in
AD, wherein cortical thinning has been proposed as a sensitive surrogate
of disease progression and neurodegenerative changes in AD (Dickerson

et al., 2009).

Precisely how AP accumulation might lead to neurodegeneration,
however, remains uncertain. Studies in the AD and cognitive impaired
cohorts suggest that AR accumulation reaches an early plateau whereas
atrophy is progressive (Jack et al., 2013), in turn meaning that the two
phenomena are not correlated (Josephs et al., 2008). An advantage of
studying DS, in contrast, is that the inevitability of AR accumulation
means that one can study the influence of AB deposition to atrophy before
cognitive decline has begun and with a range of severities of both
phenomena. To this end, cortical thickness has been proposed and
recognized as a sensitive surrogate of neurodegeneration AD (Dickerson

et al., 2009).

To explore the pathological associations of AR and cortical thickness in
DS, we performed a multi-modal imaging study involving [''C]-PiB
imaging and structural MRI, and examined the extent to which regional
AB maps onto cortical thickness in a DS cohort at various stages of

amyloidosis (i.e. presence or absence of substantial AR burden) and
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cognitive functioning (i.e. no evidence of acquired cognitive impairment
versus age-related acquired cognitively impaired or demented). Our
primary hypotheses were as follows: (a) increased AB is associated with
decreased cortical thickness, and (b) this relationship would be stronger

before the onset of objective cognitive decline.

METHODS

Study design and participants

Forty-four participants with DS aged 25 - 65 volunteered to take part and
successfully completed the neuropsychological assessments and imaging
protocol of this study. Participants were identified via services for people
with intellectual disabilities in England and Scotland, through the Down’s
Syndrome Association or following responses to our website. All
participants had previously received a clinical diagnosis of DS based on
having the characteristic phenotype. The study was approved by the
National Research Ethics Committee of East of England and the
Administration of Radioactive Substances Advisory Committee. Written
consent was obtained from all adults with DS with the capacity to
consent. For participants lacking the capacity to consent, the procedures
set out in the England and Wales Mental Capacity Act (2005) or the Adults
with incapacity (Scotland Act), depending on place of residence, were

followed.

Clinical assessments
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All participants were assessed for dementia using the Cambridge
Examination for Mental Disorders of Older people with Down’s Syndrome
and Others with Intellectual Disabilities (CAMDEX-DS) informant
interview, designed for diagnosing dementia in this population (Roth et
al., 1986). An experienced clinician (S.H.Z. or A.J.H.), who was blinded to
the age of the participant and the PiB status, allocated each participant
into the categories of (a) those without acquired cognitive impairment,
(b) cognitive decline, (c) or dementia. Dementia was diagnosed in
accordance with the International Classification of Diseases-10 (ICD-10)
criteria for dementia. The diagnosis of “cognitive decline” was given to
participants with informant reported evidence of functional decline in one
or more cognitive domains without fulfilling the full ICD-10 criteria for

dementia.

Imaging protocol

Structural MRI
The T1-MPRAGE data were processed using Freesurfer (v5.3, available

from https://surfer.nmr.mgh.harvard.edu) to estimate cortical thickness

in 34 ROIs per hemisphere, based on the Desikan-Killiany parcellation
scheme (Desikan et al., 2006). The technical procedures for surface
reconstruction and quantification of cortical thickness have been
described previously (Fischl and Dale, 2000). Briefly, the process involved
automated non-uniformity bias correction, skull stripping, segmentation

of the white matter and the boundary between the white and grey
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matter. Segmented and skull-stripped data of all partic- ipants were
visually inspected for parcelation errors, and topolog- ical defects in the
gray/white matter boundary were manually corrected. The gray/white
boundary served as a starting point for a deformable surface algorithm to
compute the gray/white and pial surfaces, from which cortical thickness is
calculated as the closest distance from the gray/white matter boundary to
the pial surface at each vertex on the tessellated surface. In addition,
PetSurfer was used to segment additional regions, such as the cerebral
CSF, pons, skull and air cavities to facilitate partial volume correction of

PET data (Greve et al., 2014).

[*1C]-PiB PET imaging

['1C]-PiB data were acquired in three-dimensional (3D) mode on a GE
Advance scanner. Before ['!C]-PiB injection, a 15-minute transmission
scan using rotating ®®Ge rod sources was acquired to correct for photon
attenuation. [!!C]-PiB was produced with high radiochemical purity
(>95%) and specific activity (>150 GBg/umol). [*'C]-PiB was injected as
a bolus (median= 545 MBq, interquartile range = 465-576MBq) through
an antecubital venous catheter, and data were acquired for 90 min after
injection in 58 frames (18 x 5, 6 x 15 seconds, 10 x 30 seconds, 7 x 1
minute, 4 x 2.5 minutes, and 13 x 5 minutes). For each frame, sono’
data were reconstructed using the PROMIS 3D filtered back projection
algorithm into a 128 x 128 x 35 image array with a voxel size of 2.34 x

2.34 x 4.25mm?>. Corrections were applied for random coincidences, dead



AB-associated atrophy in Down’s Syndrome

time, normalization, scatter, attenuation and sensitivity. The dynamic PET
images were realigned with statistical parametric mapping (SPM) and
averaged. The resultant mean images were co-registered to their
corresponding bias-corrected magnetisation-prepared, rapid gradient-
echo MRI (MPRAGE) volume. Consistent with previous studies (Hanseeuw
et al., 2017; LaPoint et al., 2017) , the geometric transfer matrix (GTM)
technique was used to derive partial-volume corrected ROIs.
Subsequently, kinetic modelling was performed using the two-stage
Multilinear Reference Tissue Model (MRTM2) implemented in PetSurfer
(Ichise et al., 2003) to estimate non-displaceable binding potential
(BPnp), using the cerebellum as the reference region. Classifications of AR
“positivity” and “negativity” were assigned based on elevated binding in
the striatum, which has been shown to clearly separate the positive and
negative groups in our previous work (Annus et al., 2016) as well as

others (Handen et al., 2012; Lao et al., 2017).

Statistical analyses

All statistical analyses were performed in MATLAB 2017A and the R
statistical package. The specific analyses are described below. To
determine the topographical covariance of AP and cortical thickness
across the cortex, we first examined correlations between the inter-
regional [*!C]-PiB BPxp and cortical thickness. To account for the inter-
dependency resulting from repeated measurements per participant (i.e.

68 ROIs), mixed effect models were used to examine the relationship
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between all brain regions combined across ['!C]-PiB BPxp and cortical
thickness datasets, treating participants and lobes as random factors.
Next, to elucidate the /ocal associations of AP pathology with cortical
thinning, we pursued an unbiased approach and investigated Spearman
partial correlations between AB binding and cortical thickness within the
same ROI while adjusting for age. A Benjamini-Hochberg False Discovery
Rate adjusted (FDR) significance level of p < 0.05 was used to correct for

multiple comparisons.

RESULTS
Demographics and clinical features

Brief demographics of the cohort are shown in Table 1.

Mixed effects modelling of relationship between AB and cortical
thickness

Across the total sample of DS adults, our mixed effect models indicated a
highly significant negative relationship between AP binding and cortical
thickness [Estimate = -1.2 £ 0.03, t = -39.5], x2 (1), p < 0.001] (Figure
1A). The statistical significance of this association was retained after we
repeated the mixed effect models separately for AB+ [Estimate = -0.8 =
0.04, t = -20.7], x2 (1), p < 0.001] and AB- groups [Estimate = -1.3 £

0.04, t

-32.9], x2 (1), p < 0.001] (Figure 1B-C). To further evaluate

the consistency of associations across disease stages, we evaluated two

10
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separate mixed effect models for DS adults with no evidence of acquired
cognitive impairment, and DS adults judged to have objective cognitive
impairment or dementia. While increased AB binding was significantly
associated with a thinner cortex within each cognitive subgroup, the
associations were notably stronger amongst those without acquired
cognitive impairment [Estimate = -1.2 £ 0.03, t = -34.0], p < 0.001]
compared to the group with cognitive impairment or dementia [Estimate

= -0.8 £ 0.04, t = -17.0], p < 0.001].

Topography of local-to-local associations of AB and cortical

thickness

Our next objective was to delineate the topography of local AB-associated
thinner cortices in DS. We investigated Spearman partial correlations
between ['!C]-PiB BPyp and cortical thickness in the same ROI while
adjusting for age and correction for multiple comparisons (FDR), and
found widespread extent of highly significant inverse relationships
between increased AP binding and cortical thickness. The peak
correlations were predominantly localized within temporo-parietal (r ~ -
0.4 - -0.7, FDR agjusted P < 0.05). The spatial pattern of Ap-associated
cortical thickness decrease is represented as a heat map on the Desikan-
Kiliany template, where the color gradient depicts the strength of the
negative correlations (Figure 2). To explore the potential impact of age on
these associations, we repeated the analyses without controlling for age,

and obtained highly similar distributions of local associations. The 5 ROIs

11
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that did not retain significance were the left entorhinal, left lateral
occipital, left lateral orbitofrontal, left paracentral and left pars opercularis

cortices.

Associations of AB and cortical thinning across levels of

amyloidosis and cognitive impairment

Local associations stratified by striatal-ApB status

Next, we inquired whether striatal-AB status may modulate the local
relationship between AB and cortical thickness. A one-way analysis of
covariance (ANCOVA), treating the AB+ and AB- groups as a factor and
cortical thickness as a covariate, indicated stronger associations amongst
the striatal-AB- group in predominantly frontal regions (FDR adjusted P <
0.05). These interaction analyses were further corroborated by our
within-subgroup correlational analyses, which revealed markedly distinct
maps of AB-associated cortical thinning in both subgroups (Figure 3).
While the striatal-AB- group showed significant Ap-associated cortical
thinning in widespread regions involving the frontal and parietal cortices,
the peak correlations were mostly restricted to the temporal cortices
amongst the striatal-AB+ DS adults (FDR agjustea p < 0.05). To capture
subtle AB associations with cortical thinning amongst the striatal-AB+ DS
adults, we also reported the findings at uncorrected p < 0.05 in
Supplementary Figure 1, where there was a relatively marked absence of

AB associations in the frontal lobe.

12
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Local associations stratified by cognitive status

To determine whether AB was associated with cortical thickness across
varying degrees of acquired cognitive impairment in DS, we repeated
these local correlations separately amongst DS adults without acquired
cognitive impairment (n = 31) and DS adults with cognitive decline or
dementia (n = 13). Within the DS group with no acquired cognitive
impairment, we observed a widespread pattern of significant correlations
in a pattern that is largely consistent with that of the total sample (FDR
adjusted P < 0.05). In contrast, correlations between AB and cortical
thickness did not survive FDR correction, although this was expected

considering the smaller sample size (n = 13).

DISCUSSION

In this present study, we mapped the topographic distribution of AR
binding onto patterns of cortical thickness in DS adults, and present the
first evidence that both phenomena are tightly coupled in a spatial
pattern consistent with the known “cortical signature” of
neurodegeneration in AD. In accordance with our hypothesis, our findings
further suggest that the coupling between AB and a thinner cortex is more
pronounced in the earlier stages of disease, particularly in DS adults with
minimal AB burden before the onset of acquired cognitive impairment in

DS. Collectively, our findings reinforce the notion that early intervention,

13
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particularly with the aim of targeting AB, may have the most therapeutic

potential during the asymptomatic stages of DS and AD.

While it is well-established that AR represents the initiating pathogenic
factor in AD, its precise relationships with downstream neurodegeneration
and clinical severity have been controversial (Jagust, 2016). Converging
data from post-mortem and PET imaging studies have indicated that the
regional distribution and severity of AB plaques do not correspond with
brain atrophy or clinical severity (Chetelat et al., 2010; Erten-Lyons et al.,
2013; Josephs et al., 2008). The relevance of the “amyloid cascade”
model has also been challenged by the recent spate of failures in Phase
ITT anti-AB clinical trials. However, researchers have attempted to
reconcile these inconsistencies by citing the disparity between the slow
progression of AB accumulation and the accelerating trajectories of
neurodegeneration (Jack et al., 2013). In this vein, a clearer picture of
AB-associated atrophy emerges in cohorts that are comprised of
cognitively normal elderly and individuals in the early stages of AD
(Chetelat et al., 2010; Doré et al., 2013; Jack et al., 2009). For instance,
accelerated rates of brain atrophy have been reported in cognitively
normal elderly with elevated AB burden (Chetelat et al., 2012), consistent
with evidence of strong associations between elevated AB burden and
decreased cortical thickness (Doré et al., 2013). Several aspects of our
data therefore are consistent with the notion that the association of AR

with neurodegeneration is particularly salient during the prodromal stages

14
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of AD in that the coupling of AR accumulation with a thinner cortex was
stronger in (a) DS adults without acquired cognitive impairment and (b)

in DS adults who had not reached the threshold to be classified as AB+.

After establishing that AR accumulation is associated with a thinner cortex
in DS, our local correlations sought to delineate the topographical
distribution of AB-associated atrophy. In the total sample of DS, we found
a widespread pattern of negative correlations that peaked within the
temporo-parietal cortices, mirroring the “cortical signature” of atrophy in
AD (Dickerson et al., 2009). Based on the remarkable spatial overlap
between our AB-atrophy map and that of the AD “cortical signature”, it is
conceivable that the topographic distribution of AB-associated atrophy
may reflect the regional susceptibility to the neurotoxicity of AB.
Intriguingly, the spatial distribution of our peak correlations is also very
similar to that of another study reporting strong associations of A and
cortical thinning in healthy controls especially within the bilateral
precuneus and medial temporal regions (Doré et al., 2013), both of which
have been shown to undergo atrophy in DS adults (Mullins et al., 2013)

with elevated burden of AB (Annus et al., 2017; Lao et al., 2017).

Another question with important implications for the optimisation of
clinical trials is whether the coupling between AP and cortical thickness is
consistent across varying degrees of disease severity over the course of

AD. In keeping with our hypothesis, we observed extensive AB-related

15
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atrophy after the correlational analyses were repeated within the
subgroup of DS adults who were cognitively stable, suggesting an early
process of AB-related neurodegeneration preceding the onset of cognitive
impairment. This finding was also supported by our interaction analyses
which indicated stronger associations amongst the striatal-AB-DS,
particularly in the frontal cortices. While this could have been attributed
to the smaller sample size of the striatal-AB+ group, subjecting the
correlational tests to a more liberal threshold of uncorrected p < 0.05
only yielded a single association in the right pars opercularis (i.e. all other
associations in the frontal lobe remained insignificant amongst the
striatal-AB+ group (Supplementary Figure 1). Relative to the striatal-AB-
group, the weaker associations within the frontal lobe amongst the
striatal-AB+ group could be interpreted in light of the known propagation
of AB (Thal et al., 2014). In other words, DS adults with elevated AR
burden are most likely further down the pathway to AD, and consequently
AB accumulation in the frontal lobe may have begun to plateau (Thal et
al., 2014). In future longitudinal studies, it would be of clinical interest to
examine whether the spatiotemporal trajectories of cortical thinning are

distinct in AR subgroups.

Despite the prominent correlations observed herein and in other studies
(Chetelat et al., 2010; Doré et al., 2013; Jack et al., 2009), the precise
mechanisms by which AB leads to downstream brain atrophy remains

elusive. It has been shown that AB oligomers could directly result in

16
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synaptic injury and cell loss (Walsh and Selkoe, 2007). Such a mechanism
would entail a spatial correspondence between the presence of early AR
deposition and neurodegeneration, as evidenced by our findings of
prominent local associations in regions typically associated with abundant
deposits of AB (i.e. frontal and parietal cortices (Arnold et al., 1991; Rowe

et al., 2007)).

The coupling of AR with cortical thinning in several regions of the medial
temporal lobe - despite being a later site of AB deposition - also merit
further discussion (i.e. fusiform, entorhinal, and inferior temporal cortices
amongst others). Given that these regions are amongst the earliest sites
of abnormal tau aggregation in the disease course of AD (Braak and
Braak, 1991), it is plausible that AB-associated atrophy - particularly in
the medial temporal cortex where AB is not commonly observed in the
earlier stages of AD - may be mediated by tau hyperphosphorylation, a
phenomenon which may have already begun in our striatal-AB+
individuals (Supplementary Figure 1). Moving forward, PET investigations
of [18F]-AV1451 for tau and [!!C]-PiB imaging in DS cohorts will no doubt
clarify this question in future and clarify the relative contributions of tau
and AP to the disease progression of DS (i.e. The Alzheimer’s Biomarkers

Consortium - Down Syndrome (ABC-DS) that encompasses the NIAD

study; https://niad-project.org/) and the ADDS (Alzheimer’s Disease in

Downs Syndrome; ; https://www.nia.nih.gov/research/abc-ds).

17
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The widespread prevalence and premature comorbidity of AD pathology in
DS presents valuable opportunities to study the early implications of AD
pathogenesis within a naturally enriched population. Contrary to the
consensus that AR is not associated with downstream neurodegeneration
in established AD, our present findings in DS showed that the coupling
between AP deposition and cortical thinning may be more pronounced in
the earliest stages of dementia. Furthermore, we showed that AB-
associated atrophy in DS manifests even in the absence of acquired
cognitive impairment or substantial AB burden. Moving forward,
elucidating the deleterious implications of amyloid-B burden and
longitudinal rates of brain atrophy would be of high importance to (@)
improve our understanding of the underlying neuropathological substrates
that drive spatial patterns of downstream neurodegeneration, (b) aid
development of new disease-modification against AD pathologies, and (c)
support the utility of amyloid PET imaging to track disease progression

and monitor treatment outcomes.

A potential caveat associated with imaging studies of developmental
conditions is the uncertainty over Freesurfer's ability to accurately
measure cortical thickness due to inherent differences in brain
morphology compared to the general population. For instance, reduced
signal contrast between the grey and white matter - a phenomenon
recently reported in DS (Bletsch et al., 2018) - may hinder reliability of in

vivo estimates of cortical thickness. While previous studies have used

18
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manual tracing on a priori selected brain regions, they were limited by the
labour intensive and operator-dependent procedures, both of which are
challenges that may hinder their adoption as imaging biomarkers in large
scale clinical trials for DS. In addition, only predefined regions may be
investigated using a manual tracing approach. Cortical thickness
measurements from Freesurfer have also been validated against
histological data and other manual measurements (Cardinale et al., 2014;
Fischl and Dale, 2000), and has been widely applied to interrogate cortical
changes in the DS neuroimaging literature (see Neale et al., 2018 for a
systematic review). In future, it will be essential to validate these
conclusions using histological data as existing post-mortem studies in DS

are scarce.

Finally, ageing presents another caveat in the interpretation of the
relationships between AB accumulation and cortical thinning. An early
process of accelerated age-related cortical thinning has been previously
described in DS (Cole et al., 2017), supported by other studies reporting
prominent localisation of age-related atrophy in frontal association
cortices (Romano et al., 2016; Teipel et al., 2004). In a similar vein, our
previous work has shown that the spatial extent of AR accumulation
increases with age (Annus et al., 2016). In order to guard against the
possibility that both AB accumulation and cortical thinning are merely
progressing along a common age-related pathway, we compared the

spatial maps of AB-associated atrophy, with and without accounting for
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age, and found two largely similar spatial distributions (i.e. Only 5/45
ROIs did not retain statistical significance after correcting for age),
supporting the idea that AB may exert its deleterious effects on cortical

thickness over and above an accelerated ageing process.

Finally, our findings are consistent with a recent case-report of a rare DS
patient with partial trisomy of chromosome 21 (PT21) who lacked
triplication of APP (Doran et al., 2017). Intriguingly, the patient showed
(i) relatively stable cognitive performances over time and had no signs of
dementia on neurological examinations; (ii) lower [*'C]-PiB binding than
healthy controls; (iii) and histological examinations revealed only a single
neuritic plaque. Interpreted in light of our strong associations between
AB and cortical thinning, these findings further argue for an obligatory
role of AB in driving the AD disease cascade in people with DS.
Nevertheless, we cannot be certain as to what extent the proposed role of
AB in the causation of neurodegeneration and AD in people with DS can
be generalised to the typically developing population. However, if such a
relationship had not been found in DS, where AB levels are markedly
increased, that would have been a significant challenge to the amyloid
cascade hypothesis. The fact this inverse relationship between AB and
cortical thickness has been found provides further support for this

hypothesis.

20



AB-associated atrophy in Down’s Syndrome

ACKNOWLEDGMENTS

The research team thank the PET imaging technologist, MR radiographers,
technicians, and radiochemists at the Wolfson Brain Imaging Centre,
together with clinicians for their help in acquiring the data reported in this
article. The authors particularly thank all participants with Down
syndrome, their families, and carers for their time and commitment to
this research. The data collection for this research was generously
supported by a grant from the Medical Research Council (grant ID
number: 98480). The subsequent analysis of this data was undertaken
as part of a study funded by AR-UK. Additional support came from the
NIHR Cambridge Biomedical Research Centre, the NIHR Collaborations in
Leadership for Applied Health Research and Care (CLAHRC) for the East of
England, the NIHR Cambridge Dementia Biomedical Research Unit, the
Down Syndrome Association, and the Health Foundation. The sponsors of
the study had no role in the design and conduct of the study; collection,
management, analysis and interpretation of the data; writing and review
of the report; and decision to submit the article for publication. The views
expressed here are those of the authors and not necessarily those of the
Department of Health, NIHR, or of other funders. The sponsors of the
study had no role in the design and conduct of the study; collection,
management, analysis and interpretation of the data; writing and review

of the report; and decision to submit the article for publication.

21



AB-associated atrophy in Down’s Syndrome

AUTHOR CONTRIBUTIONS

Elijah Mak formulated the research objectives, analyses and wrote the
manuscript.

Concepcion Padilla assisted with the interpretation of the results, checking
of the analyses and scripts, and provided critical feedback on manuscript.
Tiina Annus, Liam Wilson performed the data collection, clinical /
neuropsychological assessments, and provided critical feedback on the
manuscript.

Young Hong and Tim Fryer desighed the PET data acquisition and image
reconstruction protocols, determined SUVRs and binding parametric maps
from the PET data, and provided critical feedback on the manuscript.
Jonathan Coles, Franklin Aigbirhio, David Menon, Peter Nestor and Shahid
Zaman provided critical feedback on the analyses and manuscript.
Anthony J Holland is principal investigator of the study. He also assisted
with the conceptualisation of the study, obtaining funding, supervising
data collection, interpretation of the analyses and findings, and provided

critical feedback on the analyses and manuscript.

POTENTIAL CONFLICTS OF INTEREST

Nothing to report.

REFERENCES
Annus, T., Wilson, L.R., Acosta-Cabronero, J., Cardenas-Blanco, A., Hong,

Y.T., Fryer, T.D., Coles, 1.P., Menon, D.K., Zaman, S.H., Holland, A.].,

22



AB-associated atrophy in Down’s Syndrome

Nestor, P.J., 2017. The Down syndrome brain in the presence and
absence of fibrillar f-amyloidosis. Neurobiol. Aging 53, 11-19.
https://doi.org/10.1016/j.neurobiolaging.2017.01.009

Annus, T., Wilson, L.R., Hong, Y.T., Acosta-Cabronero, J., Fryer, T.D.,
Cardenas-Blanco, A., Smith, R., Boros, I., Coles, 1.P., Aigbirhio, F.I.,
Menon, D.K., Zaman, S.H., Nestor, P.]., Holland, A.]., 2016. The
pattern of amyloid accumulation in the brains of adults with Down
syndrome. Alzheimer’s Dement. 12, 538-545.
https://doi.org/10.1016/j.jalz.2015.07.490

Arnold, S.E., Hyman, B.T., Flory, J., Damasio, A.R., Van Hoesen, G.W.,
1991. The topographical and neuroanatomical distribution of
neurofibrillary tangles and neuritic plaques in the cerebral cortex of
patients with Alzheimer’s disease. Cereb. cortex 1, 103-16.

Bletsch, A., Mann, C., Andrews, D.S., Daly, E., Tan, G.M.Y., Murphy,
D.G.M., Ecker, C., 2018. Down syndrome is accompanied by
significantly reduced cortical grey-white matter tissue contrast. Hum.
Brain Mapp. 39, 4043-4054. https://doi.org/10.1002/hbm.24230

Braak, H., Braak, E., 1991. Neuropathological stageing of Alzheimer-
related changes. Acta Neuropathol. 82, 239-59.

Cardinale, F., Chinnici, G., Bramerio, M., Mai, R., Sartori, I., Cossu, M., Lo
Russo, G., Castana, L., Colombo, N., Caborni, C., De Momi, E.,
Ferrigno, G., 2014. Validation of FreeSurfer-Estimated Brain Cortical
Thickness: Comparison with Histologic Measurements.

Neuroinformatics. https://doi.org/10.1007/s12021-014-9229-2

23



AB-associated atrophy in Down’s Syndrome

Chetelat, G., Villemagne, V.L., Bourgeat, P., Pike, K.E., Jones, G., Ames,
D., Ellis, K.A., Szoeke, C., Martins, R.N., O’Keefe, G.]J., Salvado, O.,
Masters, C.L., Rowe, C.C., 2010. Relationship between atrophy and
beta-amyloid deposition in Alzheimer disease. Ann. Neurol. 67, 317-
324. https://doi.org/10.1002/ana.21955

Chetelat, G., Villemagne, V.L., Villain, N., Jones, G., Ellis, K. a, Ames, D.,
Martins, R.N., Masters, C.L., Rowe, C.C., Group, A.R., 2012.
Accelerated cortical atrophy in cognitively normal elderly with high
beta-amyloid deposition. Neurology 78, 477-484.
https://doi.org/10.1212/WNL.0b013e318246d67a

Cole, J.H., Annus, T., Wilson, L.R., Remtulla, R., Hong, Y.T., Fryer, T.D.,
Acosta-Cabronero, J]., Cardenas-Blanco, A., Smith, R., Menon, D.K.,
Zaman, S.H., Nestor, P.]., Holland, A.]J., 2017. Brain-predicted age in
Down syndrome is associated with beta amyloid deposition and
cognitive decline. Neurobiol. Aging 56, 41-49.
https://doi.org/10.1016/j.neurobiolaging.2017.04.006

Desikan, R.S., Ségonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C.,
Blacker, D., Buckner, R.L., Dale, A.M., Maguire, R.P., Hyman, B.T.,
Albert, M.S., Killiany, R.]., 2006. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based
regions of interest. Neuroimage 31, 968-980.
https://doi.org/10.1016/j.neuroimage.2006.01.021

Dickerson, B.C., Bakkour, A., Salat, D.H., Feczko, E., Pacheco, J., Greve,

D.N., Grodstein, F., Wright, C.1., Blacker, D., Rosas, H.D., Sperling,

24



AB-associated atrophy in Down’s Syndrome

R.A., Atri, A., Growdon, J.H., Hyman, B.T., Morris, 1.C., Fischl, B.,
Buckner, R.L., 2009. The cortical sighature of Alzheimer’s disease:
regionally specific cortical thinning relates to symptom severity in
very mild to mild AD dementia and is detectable in asymptomatic
amyloid-positive individuals. Cereb Cortex 19, 497-510.
https://doi.org/10.1093/cercor/bhn113

Doran, E., Keator, D., Head, E., Phelan, M.]., Kim, R., Totoiu, M., Barrio,
J.R., Small, G.W., Potkin, S.G., Lott, I.T., 2017. Down Syndrome,
Partial Trisomy 21, and Absence of Alzheimer’s Disease: The Role of
APP. ]J. Alzheimer’s Dis. 56, 459-470. https://doi.org/10.3233/JAD-
160836

Doré, V., Villemagne, V.L., Bourgeat, P., Fripp, J., Acosta, O., Chetélat,
G., Zhou, L., Martins, R., Ellis, K. a, Masters, C.L., Ames, D., Salvado,
0., Rowe, C.C., 2013. Cross-sectional and longitudinal analysis of the
relationship between AB deposition, cortical thickness, and memory in
cognitively unimpaired individuals and in Alzheimer disease. JAMA
Neurol. 70, 903-11. https://doi.org/10.1001/jamaneurol.2013.1062

Erten-Lyons, D., Dodge, H.H., Woltjer, R., Silbert, L.C., Howieson, D.B.,
Kramer, P., Kaye, J.A., 2013. Neuropathologic Basis of Age-
Associated Brain Atrophy. JAMA Neurol. 70, 616.
https://doi.org/10.1001/jamaneurol.2013.1957

Fischl, B., Dale, A.M., 2000. Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc. Natl. Acad.

Sci. U. S. A. 97, 11050-5. https://doi.org/10.1073/pnas.200033797

25



AB-associated atrophy in Down’s Syndrome

Greve, D.N., Svarer, C., Fisher, P.M., Feng, L., Hansen, A.E., Baare, W.,
Rosen, B., Fischl, B., Knudsen, G.M., 2014. Cortical surface-based
analysis reduces bias and variance in kinetic modeling of brain PET
data. Neuroimage 92, 225-236.
https://doi.org/10.1016/j.neuroimage.2013.12.021

Handen, B.L., Cohen, A.D., Channamalappa, U., Bulova, P., Cannon, S.A.,
Cohen, W.I., Mathis, C.A., Price, ].C., Klunk, W.E., 2012. Imaging
brain amyloid in nondemented young adults with Down syndrome
using Pittsburgh compound B. Alzheimer’s Dement. 8, 496-501.
https://doi.org/10.1016/j.jalz.2011.09.229

Hanseeuw, B.]., Betensky, R.A., Schultz, A.P., Papp, K. V., Mormino, E.C,,
Sepulcre, 1., Bark, 1.S., Cosio, D.M., LaPoint, M., Chhatwal, J.P.,
Rentz, D.M., Sperling, R.A., Johnson, K.A., 2017. Fluorodeoxyglucose
metabolism associated with tau-amyloid interaction predicts memory
decline. Ann. Neurol. 81, 583-596.
https://doi.org/10.1002/ana.24910

Hardy, J., 2002. The Amyloid Hypothesis of Alzheimer’s Disease: Progress
and Problems on the Road to Therapeutics. Science (80-. ). 297, 353-
356. https://doi.org/10.1126/science.1072994

Hithersay, R., Hamburg, S., Knight, B., Strydom, A., 2017. Cognitive
decline and dementia in Down syndrome. Curr. Opin. Psychiatry 30,
102-107. https://doi.org/10.1097/YC0O.0000000000000307

Ichise, M., Liow, 1.-S., Lu, ].-Q., Takano, A., Model, K., Toyama, H.,

Suhara, T., Suzuki, K., Innis, R.B., Carson, R.E., 2003. Linearized

26



AB-associated atrophy in Down’s Syndrome

Reference Tissue Parametric Imaging Methods: Application to [ *
C]DASB Positron Emission Tomography Studies of the Serotonin
Transporter in Human Brain. J. Cereb. Blood Flow Metab. 23, 1096-
1112. https://doi.org/10.1097/01.WCB.0000085441.37552.CA

Jack, C.R., Knopman, D.S., Jagust, W.]., Petersen, R.C., Weiner, M.W.,
Aisen, P.S., Shaw, L.M., Vemuri, P., Wiste, H.J., Weigand, S.D.,
Lesnick, T.G., Pankratz, V.S., Donohue, M.C., Trojanowski, J.Q.,
2013. Tracking pathophysiological processes in Alzheimer’s disease:
an updated hypothetical model of dynamic biomarkers. Lancet Neurol.
12, 207-216. https://doi.org/10.1016/S1474-4422(12)70291-0

Jack, C.R., Lowe, V.]., Weigand, S.D., Wiste, H.]., Senjem, M.L.,
Knopman, D.S., Shiung, M.M., Gunter, J].L., Boeve, B.F., Kemp, B.J.,
Weiner, M., Petersen, R.C., 2009. Serial PIB and MRI in normal, mild
cognitive impairment and Alzheimers disease: Implications for
sequence of pathological events in Alzheimers disease. Brain 132,
1355-1365. https://doi.org/10.1093/brain/awp062

Jagust, W., 2016. Is amyloid-?? harmful to the brain? Insights from
human imaging studies. Brain 139, 23-30.
https://doi.org/10.1093/brain/awv326

Josephs, K. a., Whitwell, J.L., Ahmed, Z., Shiung, M.M., Weigand, S.D.,
Knopman, D.S., Boeve, B.F., Parisi, J.E., Petersen, R.C., Dickson,
D.W., Jack, C.R., 2008. Beta-Amyloid Burden Is Not Associated With
Rates of Brain Atrophy. Ann. Neurol. 63, 204-212.

https://doi.org/10.1002/ana.21223

27



AB-associated atrophy in Down’s Syndrome

Lao, P.]., Handen, B.L., Betthauser, T.]., Mihaila, I., Hartley, S.L., Cohen,
A.D., Tudorascu, D.L., Bulova, P.D., Lopresti, B.]J., Tumuluru, R. V.,
Murali, D., Mathis, C.A., Barnhart, T.E., Stone, C.K., Price, ].C,,
Devenny, D.A., Mailick, M.R., Klunk, W.E., Johnson, S.C., Christian,
B.T., 2017. Longitudinal changes in amyloid positron emission
tomography and volumetric magnetic resonance imaging in the
nondemented Down syndrome population. Alzheimer’s Dement.
Diagnosis, Assess. Dis. Monit. 9, 1-9.
https://doi.org/10.1016/j.dadm.2017.05.001

LaPoint, M.R., Chhatwal, J.P., Sepulcre, J., Johnson, K.A., Sperling, R.A.,
Schultz, A.P., 2017. The association between tau PET and
retrospective cortical thinning in clinically normal elderly.
Neuroimage. https://doi.org/10.1016/j.neuroimage.2017.05.049

Mullins, D., Daly, E., Simmons, A., Beacher, F., Foy, C.M.L., Lovestone,
S., Hallahan, B., Murphy, K.C., Murphy, D.G., 2013. Dementia in
Down’s syndrome: an MRI comparison with Alzheimer’s disease in the
general population. J. Neurodev. Disord. 5, 13.
https://doi.org/10.1186/1866-1955-5-19

Neale, N., Padilla, C., Fonseca, L.M., Holland, T., Zaman, S., 2018.
Neuroimaging and other modalities to assess Alzheimer’s disease in
Down syndrome. NeuroIlmage Clin. 17, 263-271.
https://doi.org/10.1016/j.nicl.2017.10.022

Romano, A., Cornia, R., Moraschi, M., Bozzao, A., Chiacchiararelli, L.,

Coppola, V., Iani, C., Stella, G., Albertini, G., Pierallini, A., 2016. Age-

28



AB-associated atrophy in Down’s Syndrome

Related Cortical Thickness Reduction in Non-Demented Down’s
Syndrome Subjects. J. Neuroimaging 26, 95-102.
https://doi.org/10.1111/jon.12259

Roth, M., Tym, E., Mountjoy, C.Q., Huppert, F.A., Hendrie, H., Verma, S.,
Goddard, R., 1986. CAMDEX. A standardised instrument for the
diagnosis of mental disorder in the elderly with special reference to
the early detection of dementia. Br. J. Psychiatry 149, 698-709.

Rowe, C.C., Ng, S., Ackermann, U., Gong, S.]., Pike, K., Savage, G.,
Cowie, T.F., Dickinson, K.L., Maruff, P., Darby, D., Smith, C.,
Woodward, M., Merory, J., Tochon-Danguy, H., O’Keefe, G., Klunk,
W.E., Mathis, C.A., Price, J.C., Masters, C.L., Villemagne, V.L., 2007.
Imaging amyloid burden in aging and dementia. Neurology 68, 1718-
1725. https://doi.org/10.1212/01.wnl.0000261919.22630.ea

Teipel, S.]1., Alexander, G.E., Schapiro, M.B., Méller, H.]., Rapoport, S.I.,
Hampel, H., 2004. Age-related cortical grey matter reductions in non-
demented Down’s syndrome adults determined by MRI with voxel-
based morphometry. Brain 127, 811-824.
https://doi.org/10.1093/brain/awh101

Thal, D.R., Attems, J., Ewers, M., 2014. Spreading of amyloid, tau, and
microvascular pathology in alzheimer’s disease: Findings from
neuropathological and neuroimaging studies. J. Alzheimer’s Dis. 42,
S421-S429. https://doi.org/10.3233/JAD-141461

Walsh, D.M., Selkoe, D.]., 2007. AB Oligomers - a decade of discovery. J.

Neurochem. 101, 1172-1184. https://doi.org/10.1111/j.1471-

29



AB-associated atrophy in Down’s Syndrome

4159.2006.04426.x

Wiseman, F.K., Al-Janabi, T., Hardy, J., Karmiloff-Smith, A., Nizetic, D.,
Tybulewicz, V.L.]., Fisher, E.M.C., Strydom, A., 2015. A genetic cause
of Alzheimer disease: mechanistic insights from Down syndrome. Nat.

Rev. Neurosci. 16, 564-574. https://doi.org/10.1038/nrn3983

FIGURE LEGENDS

Figure 1. Topographical covariance of AB and decreased cortical
thickness. The scatter plots depict the associations between AB and
cortical thickness measures across (a) total sample, (b) DS striatal-Ap+
adults, and (c) DS striatal-AB-adults. Each data point represents a single
cortical region of interest from a single subject, parcellated with the

Desikan-Killiany template.

Figure 2. The topographical distribution of local AB-associated
atrophy in the total sample of DS. These regions showed significantly
negative correlations between [*!C]-PiB BPyp and cortical thickness (FDR
adjusted P < 0.05, adjusted for age). The colors represent the strength of
the negative correlations, increasing in magnitude from dark blue to cyan.
Abbreviations: Lh = Left hemisphere; Rh = Right hemisphere; DS =

Down Syndrome.

30



AB-associated atrophy in Down’s Syndrome

Figure 3. Topographic distributions of AB-associated atrophy
stratified by AB status. Amongst the AB- DS adults, local AB deposition
was significantly associated with decreased cortical thickness in
widespread regions predominantly fronto-parietal cortices whereas the
spatial extent of associations was more restricted to the temporal cortices
and precuneus in the AP+ DS adults. Abbreviations: Lh = Left

hemisphere; Rh = Right hemisphere; DS = Down Syndrome.
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Adults with Down’s
Syndrome (n=44)
Age, years (£ SD) 41.95 + 8.7
Female 54.55%
CAMCOG score (* SD) 75.22 £ 19.62
Elevated striatal [''C]-PiB binding 18:26
(absent/present)
Acquired cognitive impairment or dementia 30%
(%)

Table 1. Brief demographics and cognitive characteristic of the study sample.
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HIGHLIGHTS

1. In a sample of adults with Down’s Syndrome (DS), amyloid burden
(AB) was strongly associated with cortical thinning.

2. The topography of AB-associated atrophy is similar to the cortical
signature of atrophy in Alzheimer’s disease.

3. These findings further implicate AB in the pathophysiology of DS.

4. Further longitudinal studies are necessary to clarify the extent to
which baseline AB imaging could predict downstream severity of

brain atrophy in DS.



